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PAPERS 

RATING CURVES FOR FLOW OVER 
DRUM GATES 

BY GOSEPH N. BRADLEY,' A M. ASCE 

With watcr becoming more valunble in the  western states each year, there is 
an  increasing demand for bettcr methods of measuremcnt and additional 
rating structurcs. This condition applies not only to the requirements for 
main canals and laterals of irrigation works but also t o  the regulation and 
mensurement of fiow a t  dams. I n  fact, the need has reached the point a t  
which operators ale desirous of metering the  flow a t  nearly all control devices 
in irrigation systems, and in other water supply or control systems. 

The primary purpose of this paper is to point out that  there arc numerous 
control structures in existence that will serve a dual purpose-that of a mctering 
station as well as that  of a regulating device. Examples of such structures in- 
clude spillways, with or without gates; outlet works for dams using gates or  
valves; and cannl regulating structures uaing gates. With the accumulation 
of information from hydraulic model studies made by the Bureuu of Reclama- 

tion (USBR), United States Dcpartmcnt of the Interior, i t  is now possible t o  
preparc reasonably accurate rating curves for many such structures without 
the construction of models and without access to the prototypes. The method 
is especially useful for the rating of existing structures. This paper describes 
the method as i t  applies to thc rating of drum gates and the paper is concluded 

with an engineering example. The method is also applicable to the rating of 
the Volet gate used in France, the bascule gate manufactured in the United 
States, and others to which the sector of a circle is hinged a t  or near the crest 
of a spillway. 

Nmc.-Written cotnmenta am invited for publication; tho k9t dboumion should be submitted by 
August 1, 1953. 

1 Hydr. Ew., Bureau of Rcclarnation, U. 8. Dopt. of t l ~ e  Interior. Denvcr. Colo. 



INTRODUCTION 
The drum gate is a type of gate that  float8 in u chamber and is buoyed into 

position by regulating the wnter level in that chamber. A medium-sized gate 
of this type is shown in Fig. 1. To use drum gates as metering devices, it is 
essential that each gate be equipped with an accurate positio~ indicator. 
This indicator may consist of an arm or pointer connected directly to ono of 
the gate pins, and is usually located inside an adjacent pier. The scale, which 
commonly indicates "position of high point of gate," may be u cast-metal arc 
rnounted on the wall under the pointer, or a, scale painted on the wall. 

This paper presents a method of computing rating curves for all positions 
of the gate with an accuracy comparable to that which can be obtained from 
an average current-meter traverse of the river. Tno information required for 
rating a drum gate consists of the over-all dimensions of the gate and overflow 
crest, the information contained in this paper, and tho coefficient of discharge 

for any appreciable head on the spillway with the gate in the completely lowered 
position. Should the coefficient data be lacking, the coefficient of discharge 
for the designed head can be estimated for nearly any overflow section by a 
method previously published? 

The method of rating described here is not intended to replace the mea- 
surements taken a t  river gaging stations. However, it has the following 
advantages: (1) The gates can be set in  a few minutes to pass s desired dis- 
charge nnd (2) in time of flood, the gaging station rnay be out of order but the 
gate calibration is as accurate na usual. The flood that pnsaed over Grand 
Coulee Dam (W~hington)  in 1948 is nn example. The river gage, in the pier 
of a bridge downstream, ww in error because of a drawdown in the water 
surface, udjncent to the pier, a t  the higher flows. Currentcmeter memurements 
were also attempted during the flood, but the swiftness of the current and 
other difficulties rendered these only partially successful. As a resultIz the 
discharge nt the peak of the flood, which was finally estimated as 638,000 

* "Diaohnrge Cocfficienb lor Irnqlar ?verfall Spillway Beetionn " by J. N. Bndley. Rw'nrwing * 

Mononruph No. I), B u m u  of Realumation. b. 8. Dept. of the Interaor, beaver. Colo.. hlnnll, 1952. 



scc-ft, is questicnable. Measurement of the flow over the drum gatus which is 
now po.ssible, would have afforded a continuoull record and one that would be 
as  accurate for flood as for normal flows. 

As a measuring device, the drum gate resembles a sharp-crested weir with 
a curved upstream face over the greater part of its travel. With an adequate 
positioning indicator, the drum gate can serve as a very satisfactory metering 
device. 

When the drum gate oimtilntes a sharp-crested weir-that is, when a line 
drawn tangent to  the downstream lip of the gate mukes a positive angle with 
the horizontal, a s  in Fig. 2(a), four principal factors are involved. These factors 
are N, the total head above the high point of the gate; 8, the angle made by a 
line drawn tangent to the downstream lip of the gate and the horizontal; r ,  
the radius of the gate or an  equivalent radius, should the curvature of the  

(b) NEGATIVE ANGLE, e (c) CONTROL POINT 

FIQ. P.-DRUM-OATE PO CUT ION^^ 

gate involve it parabola; ancl C,, the coefficient of discharge in Q = C, L If', 
in which (3 is tho discharge in second-feet, and L is the length of the gate. 

The depth of approach wns not include11 as a variable because drum-gate 
installations studied were for medium and high dams a t  which approach effects . 
were negligible. When the approach depth, measured below the high point 
of the gate, is equal to  or greater than twice the head on the gate, i t  has been 
sho\vn3 that  a further increase in approach depth produces very little ilrcrease 
in the coefficient of discharge. Most drum-gate installations satisfy. this 
condition, especially when the gate is in a raised position. Therefore, with 
adequate approach depth the four variables HI 8, r, and C, conlpletely define 
the flow over this type of gate for positive angles of 8, Fig. 2(a). 

For negative values of 8, Fig. 2(b), the downstream lip of the gate no longer 
controls the flow. Rather, the control point shifts upstream to the v ic i~ i ty  
of the high point of the gate for ear!: ireiiirji; ?R illu~iratetl in Fig. 2(c), and 
flow conditions gradually approach those of the free crest (ns the gate is 
lowered). Although other factors enter the problen~, the similitude also llolds 
for this case down to an angle of approximately -15". 

8 "Studieu of Cwta for Overfoll Dnnls," Bulldin h'o. 5. Pnrt VI, Boulder Canyon Final ~ a p o r k ,  ll&ca" 
of Reclaruation. U. 8. Dept. af the Interior, Denver, Colo., lW8. 



Tho data for this drum-gate study mere obtained from hydraulic models of 
various sizes and scales. The experiments were performed over a period of 
about eighteen years. The spillway drum gates tested, the principal dimen- 
sions of each, the model scale, the laboratory where the tests were conducted, 
and other information are given in Table 1. Gates for the first three d ~ m s  . 

TABLE 1.-PRINCIPAL DIMENSIONS OF DRDM GATES TESTED 

hfaxi- 
Length Height Radius Appmnch murn Modal 

Dam ttgf o! sate, o! mto. of mu, doptll. 
t z t : n  -I,, 

I<ydmulio lab. 
in It  m f t  in It  in I t  

in f i  ------- 
Ornnd.Coulee 
(Washtogton) 

Fort Collinr 

Bhnkra 
11 135 28 00.25 300 31.05 1:30 &Colo.) 

unlomhouae 

BE2 2 135 28 00.25 410 i 8  1:80 (Danvcr, Cola.) 

(Cali!ornia) 3 110 28 00.25 400 28 1:68 Cu8tambouso 
Hsmrlton 
(Texas) 1 300 28 74.17 50 32 1:30 Fort Cullins 
Hoover. Shape 

4-M3b 
(Arix.-Nev.) 4 100 10 26.0 80 20.0 1 :20 Montroao, Colo. 
Hoover, Shspo 
EMS 

(Am.-Nev.) 4 100 10 30.0 50 20.0 1:20Montroae 
Hoover Shape 

7 : a J  
(An..-Nev.) 4 100 16 20.0 50 26.0 1:00 FortCollino 
Fnant 
(California) 3 100 18 47.0 140 19.0 1:26 Fort Collinv 
Norm 
Venneasoe) 3 100 14 34.0 200 27.0 1:72 FortCollina 
hladden 
(Cans1 Zone) 4 100 18 30.0 120 30.0 1:72 Fort Collinn 
Cnpilnno 
(Britiah Columbia) 1 70 23 71.0 200 23.0 1:00 Donver Fodernl Contcr 

Cnte down. b Refem to tho ahnpe of tho spillway orouu acction. 

listed in the table-Grand Coulee Dam (Washington), Bhakra Dam (India), 
and Shasta Dan1 (California)-are identical except for the length and number. 
The models of each were tested a t  different times by differ2nt personnel. The 
results of the tests are nearly identical, which fact indicates the consistency 
possible in this type of test. Although identical gates are of value in indi- 
cating the coneistency of results, test results on dissimilar gates are desirable 
because they can give assurance that all factow involved in the establishment 
of similitude havc been considered. The study includes only eleven gates 
(Table 1) but the dimensions of these vary over a fairly aide range, and the 
consistency indicated in compiling the results was quite satisfactory. 

Cross sections of representative examples of the epillway overflow sections . 

and drum gates listcd in Table 1 are shown in Fig. 3. For Hoover Dam, 
Shape 4-hi3 is shown. The data relating the coefficient, C,, to the head for 
the model drum gates tested are tabulated in Table 2. 

The straight inclined weir is comparable to a drum gate, having infinite 
radius, thus the results of N. Bazin serve as an introduction to t>hi,s study. 



Mr. Bazin, in his classical experimeiits, studied inclined uh~rp-crested weirs.' 
The angle c f the weir was varied in increments from 14' to 90' with the hori- 
zontal, and each weir was 3.7 ft high (vertical dimension). The head on the 
crest of the weirs ranged from 0.32 ft to 1.48 ft. The results, presented in Fig. 4, 
show 0 plotted against the Bazin coefficient, Cb (in the formula Q = Cb L h 

Surface El 1024.00 
st (Gate Raised) El 1020.00 

(b) HOOVER DAM 

Scale,in Feet 

dm), in which h does not include the velocity head of approach (h.). The 
angle 0 is also plotted with respect to C, {in the expression Q = C, L H1) in 
which H is the total head. This latter expression will be used throughout 
the paper. 

By reference to Fig. 4 i t  can be observed (1) that the coefficient, C,, varies 
only slightljr with the observed head on the weir, (2) that there ia a rather 

"Recent Experimenb on the Flow of Water over Weirn." by M. B@n. Anndudu P 9 r  d CAowr(cr 
O c t o t ~ r  1888 (Tmmalation b Arthur Mariohai and John C. Tmutwme, Jr., Plaod.ng#, ~o lpnesr '8  
Clllb of '~hiladelphia. Pa., Vol. k. No. 4. 1882. p. 316.) 







TABLE 2."-(Continz~ctl) 
- - 

' ~IOOVER DAM (Arizona-Nevnda) Hoovsn D A I ~  (Arizona-Ncuntln) l ioov~il  D A ~ I  (Ariconn-Ncvadn) 
YISAPE 4-M3 I SIIAPE &A15 i tl15~rx 7 - 0  - - 

Total heed CoolX- Totnl hand Coofli- I Total haul CpclTi- 
on uatc 1 c i ~ t ,  1 on,mto, 1 cigt / onuate, mnt, 
in feet in feet in fect cv - 

I I 

Coordinatm of cllrvea prepared by plotting original data. b Gate down. 

sharp reversal in the curve when the anglc 0 approaches 2 8 O ,  and (3) that 
the coefficient of discharge is n mnxinlum a t  $=his angle. As the angle 0 is in- 
creased from 28" to 90°, contraction of the jet gradually reduces the coefficient 
to approximately 3.33, which occurs when the weir is vertical. As 0 is de- 
creased from 28" to 0" the coefficient is gradually reduced-either by approach 
conditions, friction, or both-to that for a broad-crested weir, which may be 
somc value between 2.8 and 3.1. As the principal difference betn.ecn;the drum 
gate and the straight inclined weir lies in the curvature of the gate, the trends 
for the two should be similnr. 

An inconsistency exists in Fig. 4, namely, the coefficient of discharge for a 
vertical sharp-crested weir should approsim:ttc 3.33, but Fig. 4 shows that 
M. Bazin obtained 3.45. This conclusion is supported by the fact tllat the USBR, 
Ernest W. Schoder, M.ASCE, nnd Kenneth B. Turner: and otl~ers have not 

* "Preciac Weir 3laur~tnenb," by Ernest W. Schoder and Kenneth B. Turnsr. TraWimu, ASCE, 
Vol. 93. 1029. p. OQS. 







total head, inclutling the velocity hend of approach, ,meatlured'above the high 
point of the gate, and r is tho radius of tho gate. ( I n  Fig. 5; C, in bascd on the 
relationship, Q = C, L HI. For positivc valueo of 8, the Iiend was measured 
above the lip of tho gatc, whcrese for negative angles i t  was observcd abovc 
the high point, or crest, of the gatc proper. The method of mensuring the 
head is illustrated in Fig. 2. 

Upon completion of a similar set of curves for.each,gate testetl, the eleven 
nets of curves wcre replotted and combined into the ahnrt exhibited as Fig. 6. 
The results from thc various gates8showctl good general ngreement; and the 
curves in Fig. 6 constitute the gencrnl experimental information necded for 
determining the dischnrge coefficients for gates in raised or partly rnised . 
positions. The supporting points nre not uhown in Fig. 6, but the individunl 
information for each gate is listed in Table 2. 

ANALY~IS OP TEST RESULTS 

The curires in Fig, G show a tendcncy toward reversal, similar to that ex- 
hibited by the Bazin curve in Fig. 4, but the points of inflection vary from 
8 = 20" to 0 = 30°, depending on the value of H/r. Fig. .4 showed the co- 
efficients to vary only slightly with the hend, but in this case the coefficients 
definitely vary with the hentl. 

A matter of significance is the revereal of the (H/r)-order which occurs a t  
29" (Fig. 6). The coefficient of dischnrge has but onc value 3.88 when 8 np- 
prosimatcs 29", thus, it is insensitive to both the radius and thc head on thc 
gate for this angle. Thc curve for N / r  = 0 approximates a drum gate of 
infinite rndius and was obtained from the data of Mr. Bazin (Fig. 4) by apply- 
ing a uniform adjustment. 

As stnted previously, similitude is valid for smnll ncgntive nngles of 8, as 
well rur for positive nngles up to 90°, thus, the curves iz Fig. 6 are sholvn 
and recommended for use down to 0 = - 15". As the gate is lowered beyond 
this angle, the curves double back and converge, finally tcrminnting in the 
free flow coefficient. 

The discharge coefficicnts in the region between 0 = -15" and the gate 
completely down nre determined by graphical interpolation. Interpolation is 
accomplished by plotting head-dischnrgc curves for several gate angles between 
-15" and the maximum positive angle. Also thc head-discharge curve is 
plotted for the free crest. This information is then cross-plotted to obtain 
values in the transition zone. The method will be explained in the example 
that follows. It will be diacovered that negative angles greater than -15" 
(with the exception of the free crest) are not particularly importnnt from an 
operator's standpoint, as a change in gate position has little effect on thc dfs- 
charge in this range. 

It must be assumed that the coefficient of discharge is known for a t  least 
one value of the head on the free crest (gate completely down) for the partic- 
ular spillway under consideration. With the coefficient known for one or 
more heads, theeomplete coefficient curve for the free crest can be plotted by 
coneulting Fig. 7, in which H, and C, are the designed head and the coefficiant 



for the designed head, respectively. This chart was reproduced from a pre- 
vious publication2 and represents a curve well supported by tests of some fifty 
overfnil spillway crests having wide variation in shape and operating conditions. 

1.1 
1.2 APPLICATION OF REBULTB '-- 
1.1 
1.0 

From the plan and section of the Black 
0.9 Canyon Diversion Dam (Idaho), shown in 

Figs. 8 and 9,. assume that it becomes neces- 4b0 0e8 0.7 sary to compute and construct a rating curve 2 0.6 for one drum gate for each 0.5 f t  of gate ele- 
0.5 
0.4 vation. The scale on the gate position indi- 
0.3 cator is calibrated to show the elevation .of 
0.2 the high point of the gate, and the gate L a  ta 
0.1 constant rndius of 21.0 ft. The gate is ti2 ft 

o 0,7 0.8 os I,o long. The coefficient of diecharge for the free 

Ratio, 5 crest is C. = 3.48 for the designed head (H,) 
c* of 14.5 ft. 

~ & ~ , ~ ! ~ , " ~ ; ~ ~ " e ' , , ~ ~ ~ ~ ; , " ;  . With the coefficient of discharge known for 
free flow a t  the designed head, the entire f ree  

flow coefficient curve can be established by consulting Fig. 7. The free-flow 
coefficient curve for Black Canyon Dam spillway (for which H, = 14.5 it 



and C, = 3.48) is constructcd by arbitrarily assuming severul values of H / H ,  
and reading tbe corresponding values of C/C ,  from Fig. 7. The method is 
illustrated in Table 3, and the head-coofficicnt curve for free flow (gate'down), 
obtuincd in this manner, is shown in Fig. 10. 

.:-+.=. Cnst (Gab Up) El 2497.0 > --- -- - - 
/ 4' 

TABLE %-HEAD AND DI~CHARGE COMPUTATIONS Fort A FREE CREST 
(BLACK CANYON DAM IN IDAHO) 

RPaeyoir 
TOta' hesd* elevation, Ratio,. Ratio? Coefficient. Q, in cu It 
R, in It in It  If/N. CI/C.  CP por n e e  

(1) (2) (3) (4) (5) -- (6) 

17 2499.5 1.172 1.020 3.55 15,050 
16 24DS.5 1.104 1.012 3.52 11.420 
14.6 2497.0 1 .O 1 .O 3.48 12.296 
12 2494.5 0.827 0.880 3.41 9,072 
10 24B4.5 0.690 0.960 3.34 6 769 
8 2490.5 0.562 0.940 3.27 4:736 
6 2488.5 0.414 0.905 3.135 2 948 
4 2486.6 0.276 0.850 2.957 1:514 
3 2485.5 0.207 0.815 2.835 W3 
2 2484.5 0.188 0.760 2.642 478 

fi. P 14.6 ft. :C. - 3.48. *The disJlarge for one gata: - C ,  L ~ t ,  in which L - 64.0 ft. - 



Before considering the rating of the spillway with gates in raised positions, 
it is necessary to construct a diagram such a s  that shown in Fiq. 11' to relate 
gate elevation to the angle 13 for the Blnck C~~nyon Darn gate. The tabulation 
in Fig. 11 shows the angle 8 for corresponding elevations of the downstream lip 

of the gate at intervals of 2 it. 
20 Beginning with the  maximum positive 

angle of the gate, which is 34.883') the 
computations may be started by choosing 

16 a representative number of reservoir ele- 
3 vations a s  indicated in Col. 2, Table 4. 
6 The difference between the reservoir el+ 

8 12 
vation and the high point of the gate - 

e# (which is the downstream lip in this case) 
9 
e .- constitutes the total head on the gate, and 
d values of hend are recorded in Col. 3. 
d 8 
1 Coi. 4 shows these same heads divided by 
I - the radius of the gate, which is 21.0 it. 
D 

Entering- the curves in Fig. 6 with 
4 the values in Col. 4, Table 4, for 0 = 

+34.883", the discharge coefficients, listed 
in Col. 5 of the set of cornputntiona desig- 

o nated "A", nre obtnined. The remainder 
2.6 3.0 3.4 3.8 of the procedure outlined in Gols. 6 and 

Coefficient cq 7, Table 4, consists of computing the dis- 

R~~~;~,"~,"dp~I~~;;;'I~;~~e charge for one gate from the expression 
Q = C, L HI. A similar procedure of 

computation is repeated for other positive angles of 0 as in sets B, C, and D of 
Table 4. 

As the angle B is given negative vnlues, the procedure for determining the 
discharge renlJns the same for angles between 0 and -15', except that the 
head on the gate is measured above the high point rather than above tho lip. 
Discharge computations for negative angles of the gate down to -15.017' 
are tabulated in E, F, and G of Table 4. 

Plotting vnlues of discharge, reservoir elevation, and gntc elevation from 
Tnble 4 results in the seven curves in Fig. 12 for which the points are denoted 
by circles. The extreme lower curve, on which the points are identified by 
x-marks, repreeents the discharge of the free crest with the gate completely 
down. The lnttcr values were obtained from T ~ h l c  3. 

The discharge values shown in Fig. 12 are for one gate only. When more 
than one gtrte is in operation, the discharges from the separate gates may be 
totaled providing the gntes :Ire each raised the snlne amount. The experi- 
mental models contained from one to four gates (with the exception of that of 
Grand Coulee Dam, which contained eleven) so a reasonable allo\vance for 
pier effect on the dischnrge is already presellt in  the results. 

The intervals between the eight curves identified by points (Fig. 12) are 
too great for rating purposes, especially the gap between gate elevations, 
2485.75 ft and 2482.5 it. This is remedied by cross-plotting the eight curves 



for various constant values of the discharge as shown in Fig. 13. . Fortunetely, 
the result is a straight-line variation for any constant vulue of discharge. The 
lines in Fig. 13 are not quite parallel and there is no assurance that they will 
be straight for every drum gate. Nevertheless, this will not detract appreci- 

ably fro111 the accuracy obtuined. Interpolnted infornintion from Fig. 13 is 
then utilized to construct the additional curves in Fig. 12. If all curves are 
considered, Fig. 12 shows the completed rating for the Blnck Canyon Dam 
spillway for 0.5-ft gate intervals. For intermediate vnlues, strnighbline 
interpolntiorr is permissible. 

CONCLUSIONB 

This paper has demonstrated how an existing control structure, such as 
the Black Canyon Dan1 spillway, can also serve as a rating station. The 
accuracy of rating curves obtaix~ed by the mcthod is estimnted to  approach 
that  of an average current-meter traverse of the river providing thnt (1) the 
gate position indicators are made as large as possible and accurntcly cali- 



brated, (2) the reservoir gage can bc read to within 0.05 ft, (3) nearly atmo- 
spheric pressure exists under the sheet of water after it springs from the gate, 
and (4) ull gates are set a t  approximately the aame elevation. 

TABLE 4.-HEAD AND DISCHARGE COMPUTATIONS FOR I)RUA~ GATES 
IN RAISED POSITIONS , 

Sot elova- 

in ft in It 

, I I I I I I I I I I I I 

H is tho tolal Lead on the aak. Tho diicharga for one -to: Q C, L fit. 

In  connection with provision (3), the blunt piers on the Black Canyon Dnm 
spillway, Figs. 8 and 9, provide effective aeration under the overfalling sheet 
of water for ai; but very small heads with gate completely raised. In the 
case of provision (4), uniform operation of the gate8 is also most desirable from 
the standpoint of stilling basin operation for minimum erosion downstream. 

Discharge meusurements on the prototypc are desirable whcnever possible 
as a check on the accuracy of the above method. Sufficient observations 
shot~ld be taken, horvever, to establish thc fact that the prototypc information 
is consistent and relinble. 
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